Paperboard is an environment-friendly multi-layer material widely used for packaging applications. However, for food packaging paperboard lacks essential barrier properties towards oxygen and water vapor. Conventional solutions to enhance these barrier properties (e.g. paperboard film coating with synthetic polymers) require special manufacturing facilities and difficult the end-oflife disposal and recycling of the paperboard. Paperboard coating with silica-based formulations is an eco-friendly alternative hereby disclosed. Silica-nanocoatings were prepared by sol-gel synthesis, with or without the addition of Zn(2)-Al-NO3 layered double hydroxides (LDHs), and applied on the surface (ca 2 g/m 2 ) of industrial paperboard samples by a roll-to-roll technique. The physicochemical features of silica-nanocoatings were studied by FTIR-ATR, SEM/EDS, XRD analysis and surface energy measurements. The barrier properties of uncoated and silica-coated paperboard were accessed by water vapor transmission rate (WVTR) and oxygen permeability (JO2) measurements. The best barrier results were obtained for paperboard coated with a mixture of tetraethoxysilane (TEOS) and 3-aminopropyltriethoxysilane (APTES), with and without the incorporation of LDHs.
Introduction
Paperboard is a thick paper-based multi-layer material with numerous applications due to its structural stability, lightweight, printable surface, attractive shelf-display and ease of recovery for recycling or end-of-life disposal. However, in comparison with traditional glass and plastic containers paperboard is unsuitable for some foodpackaging applications due to poorer barrier protection against grease, water vapor, oxygen, odors and other substances. Conventional solutions to improve these barrier properties include paperboard wax impregnation or surface coating with petroleum-derived polymer films [1] - [4] . Since both strategies reduce the recyclability and biodegradability features of paperboard in recent years several biopolymers (e.g. starch, cellulose, chitosan, pectin, xylan, isolated soy protein, pullulan among others) have been screened as alternative sustainable coatings for packaging applications [5] - [11] . In addition, nano-sized fillers such as silicate, titanium dioxide and clays, can be added to reinforce the mechanical, thermal and barrier properties of the biopolymers [6] [11] . Alternatively, inorganic nanoparticles can be synthesized in situ in the matrix of the biopolymer, thus forming organic-inorganic hybrid coatings [10] - [12] .
The sol-gel process is widely used to produce high purity organic-inorganic composite materials (derived from metals, glass, and ceramics, among others) with excellent mechanical strength and thermal/chemical stability [13] - [15] . The method involves a series of hydrolysis and polycondensation reactions of organometallic precursors (metal alkoxides) that generate nanoparticles randomly dispersed in a polymeric matrix [16] - [18] . Solgel techniques have been used in paper-science for conservation of historic documents, to enhance paper printing quality, and to improve the hydrophobicity of paper [2] . In fact, it has been revealed that silica nanoparticles dispersed on a paper surface form an impermeable interface between a three-dimensional silica network and cellulose fibres [16] - [19] . Moreover, the hydrophobicity of silica-modified surfaces can be enhanced by the incorporation of long-chain aliphatic groupsin the silica network, for example by using a main silica precursor (e.g. tetraethoxysilane) mixed with a secondary organically modified alkoxysilane [19] - [23] . In particular, the use of alkoxysilane bearing amine groups enables the anchoring of specific substances (e.g. catalytic species, sensors or scavengers) that extend the range of application of cellulose-based materials [24] [25] .
Layered double hydroxides (LDHs) are plate-like materials possessing high aspect-ratio and ion-exchange capacity [26] - [28] . The incorporation of LDHs in polymeric matrices has high potential to enhance the polymer's barrier properties (the high aspect-ratio increases the length and tortuosity of the diffusion path) without sacrificing the inherent processability and mechanical properties of the pure polymer [10] [26] [27] [29] . The structure of LDHs is based on the brucite structure (Mg(OH) 2 ), where some Mg 2+ cations are partially substituted by trivalent cations inducing a net positive charge in the hydroxide sheets, balanced by the presence of exchangeable anions and water molecules in the interlayer galleries [26] [29] . The anion-exchange capacity of LDHs, allied to the high aspect ratio and good interfacial interactions with polymer matrices are very appealing for diverse applications such as corrosion protection coatings [27] [30] and polymeric-nanocomposites for food packaging materials [28] [31] . Nevertheless the benefits of LDHs materials for the modification of paperboard packaging materials have not been reported before.
The main goal of this work was to study the impact of silica-based nanocoating, with and without the incorporation of LDHs, on the water vapor and oxygen barrier properties of paperboard.
Materials and Methods

Materials
Industrial samples of paperboard (210 g/m 2 and 0.29 -0.30 mm thickness) with a conventional surface treatment applied on the front side (30 -35 g/m 2 of a slurry of CaCO 3 and Al 2 O 3 particles mixed in a synthetic resin emulsion) were supplied by Prado Karton S.A. (Tomar-Portugal). Hereafter this material will be designated as "uncoated" paperboard.
Silica precursors namely tetraethoxysilane (TEOS), diethoxydimethylsilane (DEDMS), 3-aminopropyltriethoxysilane (APTES), and octyltriethoxysilane (OTES) all with 96% -98% purity, nitric acid (HNO 3 , p.a. 65% grade) and a low-molecular-weight grade polyethylene glycol (PEG-400) were supplied by Sigma-Aldrich Chem. Co. Precipitated calcium carbonate (PCC) was supplied by the industrial group Portucel-Soporcel (Portugal). Zinc nitrate hexahydrate (Zn(NO 3 ) 2 •6H 2 O, ≥99%), aluminum nitrate nonahydrate (Al(NO 3 ) 3 •9H 2 O, ≥98.5%), sodium hydroxide (NaOH, ≥98%) and sodium nitrate (NaNO 3 , ≥99.5%) were supplied by Sig-ma-Aldrich Chem. Co. and used as received for the synthesis of LDHs.
Preparation of Silica-Based Formulations and Paperboard Coating
Silica-based formulations were prepared by sol-gel synthesis [17] [18] using a mineral acid catalyst (HNO 3 ) for the hydrolysis of TEOS at pH 1.2-Equation (1). Typically, a mixture of TEOS (0.5 -1.0 mol), water (0.5 -2.0 mol), HNO 3 (50 -300 µl) and PEG-400 (250 -500 µl) was allowed to react at room temperature (~20˚C) under mechanical stirring (250 rpm) during 40 min. Afterwards, PCC (30 -50 mg) was added to raise the pH above the isoelectric point of silica (pH 3 -4) in order to promote the condensation reactions-Equation (2) . Some formulations were prepared in a similar way but using TEOS (95% v/v) and a secondary silica precursor (5% v/v) such as DEDMS, APTES or OTES in the hydrolysis step. 
Silica formulations were applied on the front side (treated surface) of the "uncoated" paperboard surface by roll-to-roll technique using a Mathis LAB reverse roll coater type RRC-BW 350 mm pilot size-press, at fixed coating speed (20 m/min). The distance between the cylinders was adjusted to load a silica formulation on the paperboard surface within the range 2 -3 g/m 2 . Coatings were cured by infrared-heating (ca. 105˚C, 5 min).
Preparation of Silica-Based Formulations Containing LDHs
Zn-Al layered double hydroxides intercalated with nitrates(Zn(2)-Al-NO 3 LDHs) were synthesized by the coprecipitation method [30] using decarbonized (boiled and cooled under a flow of nitrogen gas) distilled water in the preparation of solutions.A mixed solution of zinc/aluminum nitrate (Zn 2+ 0.05 M, Al 3+ 0.025 M) was addeddropwise to an aqueous solution of NaNO 3 (1.5 M) under vigorous stirring and nitrogen atmosphere, at pH 9 -10 (controlled by the addition of an aqueous solution of NaOH (2.0 M)). At the end of the reaction the resulting suspension was treated hydrothermally (100˚C during 4 hours) to promote crystal growth. After cooling down to room temperature, LDHs crystals were recovered by centrifugation (10000 r.p.m., 5 min), washed several times with decarbonized distilled water and stored in a closed container in the form of a slurry.
When required, LDHs were added to the silica-based formulations immediately after the condensation reaction and applied on the paperboard surface as previously described (2.2).
Analyses of Paperboard Surfaces
Contact angles (θ) of uncoated and coated paperboard surfaces were measured at room temperature (23˚C -25˚C) on a DataPhysics Instrument OCA20, using the sessile drop method (drop volume ca 2.0 µl) and three different probe-liquids namely diiodomethane (Aldrich, 99% purity GC), formamide (Sigma, 99% purity GC) and distilled water (MilliQ grade).
The Owens-Wendt-Rable-Kaeble (OWRK) model [32] was used to assess the total surface energy (γ s ) of paperboard surfaces, and the corresponding polar ( 
where, γ l is the total surface tension of the liquid, and with Golden Gate diamond ATR cell). Penetration of the silica formulations was evaluated by Scanning Electron Microscopy/Energy Dispersive Spectroscopy (SEM/EDS) analysis (SEM Hitachi SU-70 microscope operating at 15 kV; EDS Brucker Quantax 400 detector) of transversal cuts of paperboard.
The structure of LDHs in the silica formulations was analyzed by X-ray diffraction (XRD) using a Philips X'Pert MPD diffractometer (Bragg-Brentano geometry, Cu Kα radiation, and the exposition corresponded to 5 s per step of 0.02˚ over the angular range 4 < 2θ < 65˚).
Physical and mechanical properties of paperboard samples were evaluated by standardized tests: tensile strength (N/m) was determined according to NP EN ISO 1924-2 and used to evaluate the Tensile Index (i.e. tensile strength divided by grammage (g/m 2 )); burst strength (kPa) was determined by NP EN ISO 2758; Bendtsen roughness (cm 3 /min) and porosity were both determined following NP EN ISO 8791; air permeation was measured by the Gurley method (NP 795 ISO 5636-5).
Paperboard Barrier Properties
Water vapor barrier properties of paperboard surfaces were measured in triplicate, for each sample, using standard procedures (ASTM E96-95) and the "desiccant method" [35] . Accordingly, circular paperboard samples were sealed to the open mouth of test-cups (area 19.6 cm 2 ; internal depth 2.0 cm) containing a desiccant, namely anhydrous calcium chloride (0% relative humidity (RH)) previously dried at 200˚C (2 h), and weighed. Afterwards, the sealed test-cups were placed in a test chamber with forced air circulation, at 26˚C ± 1˚C and 52% RH (obtained with a saturated aqueous solution of magnesium nitrate hexahydrate [35] ), and weighed periodically over a three day period. The amount of water transferred through the paperboard sample, i.e. the test-cup weight gain ( 
where A is the exposed area of the paperboard sample (19.6 cm 2 ). Oxygen permeation through uncoated and silica-coated paperboard samples was measured by a proven technique used for the characterization of glass-ceramic and ceramic dense membranes [36] - [38] . The experimental setup comprised one sample holder (alumina tube) and two electrochemical yttrium-stabilized zirconia (YSZ) oxygen sensors. The paperboard sample was hermetically sealed on the top-opening of the alumina tube with cyanoacrylate adhesive. The outside of the paperboard sample was exposed to air while the inner surface was swept by a nitrogen flow (50 cm 3 •min −1 , with oxygen partial pressure ca. 2 Pa). Oxygen partial pressure in the sweep gas flow at the inlet (P(O 2 ) in ) and outlet (P(O 2 ) out ) of the sample holder under steady-state conditions was determined using YSZ sensors. In the course of experiment, the paperboard sample was at room temperature and under zero total pressure gradients. Specific oxygen permeation fluxes ( ) were calculated using Equation (6) ), P is the total pressure (Pa) and S is the sample's exposed surface area (0.785 cm 2 ).
Results and Discussion
Paperboard Coating with Silica-Based Formulations
Uncoated paperboard was supplied with a conventional surface treatment applied on the front side to improve surface smoothness and opacity (the CaCO 3 and Al 2 O 3 white particles mixed in a synthetic resin mask the darker internal layers of paperboards). It is presumed that silica based formulations applied in small amounts (2 -3 g/m 2 ) do not change the general appearance of the paperboard surface, but hopefully improve their barrier properties. This is confirmed by the oxygen and water vapor barrier properties results presented (qualitatively) in Table 2 for paperboard coated with silica formulations prepared using various precursors (alkoxysilanes) with and without the incorporation of LDHs. Moreover, these results indicate that the barrier properties are influenced by the nature of the functional groups introduced in the silica network. By means of example, the TEOS_APTES silica network without (III) and with (IIIa) LDHs is schematically represented in Figure 1 .
The SEM-EDS images of uncoated and silica-coated paperboard are presented in Figure 2 to analyze the surface morphology and the penetration of silica (represented in red colour). Uncoated paperboard presents a smooth surface (Figure 2 , front side) whereas silica-coated paperboard exhibit some cracks more pronounced for the TEOS_OTES coating (IV)than for the TEOS_DEDMS (II) and TEOS_APTES coating (III) (Figure 2 , front side and cross-section) that apparently influence the barrier properties (to be discussed further on). Besides, distribution of silica appears to be more homogeneous for coating (IV) than for coating (II) and (III). In all cases, silica penetrates deep inside the paperboard layers (Figure 2 , cross-section) due to the relatively low viscosity of the formulations, even though most part of the silica is retained on the treated surface. The incorporation of LDHs has no significant effect on silica distribution (SEM images are similar with and without LDHs) neither on cracks formed on the paperboard surface ( Table 2 ).
The chemical composition and uniformity of the silica-based coatings was further accessed by FTIR_ATR analysis (Figure 3) . In fact, uncoated paperboard presents a sharp band at 1385 -1400 cm −1 (assigned to the presence of nitrate anions [39] introduced in the industrial paperboard treatment process) almost absent in the spectra of coated paperboards. Since this technique examines only the surface of the sample one may conclude that paperboard was completely covered by the silica coatings that turn nitrate anions inaccessible towards FTIR-ATR analysis.
The most significant peaks in the spectra of silica-coated paperboards (Figure 3(a) ) have been assigned to silanol groups (Si-OH stretching at 950 cm , respectively) thus confirming the occurrence of hydrolysis and condensation reactions of the alkoxysilanes [17] [40] . In addition, the use of silica coprecursors led to the appearance of characteristic small peaks (almost unnoticeable) in the FTIR-ATR spectra. For instance, the small peak at 1265 cm −1 in the spectrum of TEOS_DEDMS (II) is attributed to the presence of CH 3 groups [22] ; the absorption band at 2930 cm −1 in the TEOS_OTES spectrum (IV) corresponds to the asymmetric stretching vibrations of C-H bonds [21] ; in the TEOS_APTES spectrum (III) the band at 1548 cm 
Paperboard Coating with Silica-Based Formulations and LDHs
Zn(2)-Al-NO 3 type LDHs are expected to act as barrier promoters when added to silica-coated paperboard due to the high anion-exchange capacity of these nanomaterials [27] . The incorporation of LDHs in the silica coating without their degradation or loss of structural integrity was examined by FTIR-ATR and XRD analysis.
The FTIR-ATR spectra of silica-coated paperboard without and with LDHs (Figure 3(a) and Figure 3(b) , respectively) are quite similar except for the peak in the region 1350 -1385 cm −1 , superposed with a shoulder near 1400 cm −1 . The presence of these bands, assigned to symmetric and asymmetric stretching modes of nitrate anions [30] , undoubtedly confirm the incorporation of LDHs in the nanocoating.
The XRD patterns presented in Figure 4 indicate that Zn(2)-Al-NO 3 LDHs particles (obtained by co-precipitation) are single-phase materials displaying characteristic reflection peaks at low 2θ angles ≈ 10˚, 20˚ and 30˚ (ascribed to (00l) reflections) and a basal plane spacing (d, calculated from the position of (00l) 
Physical and Mechanical Properties of Silica-Coated Paperboard
The physical and mechanical properties of industrial paperboard uncoated and coated with various silica-based formulations (without (I to IV) and with (Ia to IVa) LDHs) are presented in strength) and burst strength (indicative of pressure tolerance before rupture). The addition of LDHs (Ia to IVa) causes a further increase in burst strength and tensile index (except for TEOS_DEDMS_LDHs coating (IIa)). Overall, the basic mechanical properties of paperboard are maintained or improved by silica nanocoating, especially when LDHs are incorporated in the silica formulations. Surface roughness (Bendtsen roughness i.e. the airflow (ml/min) leaking between the tested surface and the head of the equipment) increases with silica coating and is reduced by the addition of LDHs (except for TEOS_ OTES_LDHs coating (IVa)). Moreover, the nanocoating lowers the porosity of paperboard (measured as Bendtsen porosity i.e. airflow required for air to leak across the paperboard) from 12 ml/min (uncoated) to 10 ml/min or lower (silica-coated).
Surface Wettability of Silica-Coated Paperboard
The amount of gas or vapor permeating a solid membrane is affected by the diffusivity and solubility of the permeant in the membrane material. Hence the affinity of water to paperboard surface plays an important role. Uncoated and silica-coated paperboard surfaces were characterized by contact angle measurements to evaluate water affinity by means of the polar and dispersive components of the total surface energy (calculated with the OWRK model [32] ). The results presented in Figure 5 reveal that silica coating, the nature of the functional groups incorporated in the silica network and the addition of LDHs have a significant impact on the surface energy parameters, especially on its polar component.
The surface energy of uncoated paperboard (~32 mN/m) is dominated by its dispersive component. Coating with TEOS-based formulations introduces free hydroxyl groups on the paperboard surface that increase the total surface energy (~44 mN/m) and its polar component (~ 19 mN/m) and thus confer an undesirable hydrophilic character. To control hydrophilicity alternative formulations were prepared with TEOS (Si(OC 2 H 5 ) 4 ) partially replaced by a secondary silica precursor (5% w/w) bearing different functionalities, as presented in Table 2 (formulations II, III and IV): DEDMS has two methyl groups ((CH 3 ) 2 Si(OC 2 H 5 ) 2 ), APTES has one aminopropyl group (H 2 N(CH 2 ) 3 Si(OC 2 H 5 ) 3 ) and OTES has one octyl group ((C 8 H 17 )Si(OC 2 H 5 ) 3 ). As expected, the paperboard's total surface energy and especially its polar component decreased significantly in comparison with the results obtained for paperboard coated only with TEOS (formulation I) ( Figure 5) . The total surface energy follows the order I > III > IV > II whereas the polar component follows the order I > III > II > IV. This can be better understood bearing in mind that the replacement of TEOS with OTES (formulation IV) introduces long chain hydrophobic -Si-octyl groups that increase the surface hydrophobicity (lower polar component); the replacement of TEOS with DEDMS (formulation II) reduces the number of free hydroxyl and alkoxy groups on the silica network; the replacement of TEOS with APTES (formulation III) introduces amine groups, which can form hydrogen bonds with water molecules conferring a hydrophilic character to the surface [43] .
In general, the polar component of the surface energy is slightly higher for the formulation with LDHs (Ia to IVa) in comparison to the formulation without LDHs (I to IV) ( Figure 5 ). This can be explained by the hydrophilic character of LDH-NO 3 , which displays capacity to retain water internally, between the layers, and externally, in the hydroxide layers [27] . The polar and dispersive components of the surface energy were used to draw the surface wetting envelopes ( γ at a fixed contact angle), a very useful tool to predict the contact angle of a particular liquid with the solid surface [34] . The contact angle selected (θ = 90˚) describes the frontier situation for wettable (θ < 90˚) and non-wettable (θ > 90˚) surfaces based on the general contact angle theory of Young [44] [45], i.e. a solid surface is defined as hydrophobic or hydrophilic when the contact angle of a water droplet is larger or smaller than 90˚, respectively [44] - [46] . For better visualization of surface wettability the water coordinates are represented by a dark point in Figure 6 : when the point is located outside the wetting envelope curve the water contact angle with the surface is greater than 90˚, i.e. the surface is non-wettable. Accordingly, the following conclusions Figure 6 . Wetting envelope at a fixed contact angle (θ = 90˚) for paperboard before (uncoated) and after coating with several silica based formulations without (I to IV) and with (Ia to IVa) incorportation of LDHs.
might be drawn from the analysis of the curves presented in Figure 6 : wettability of uncoated paperboard is low; paperboard coated only with TEOS (formulation I- Figure 6(a) ) presents high wettability (the water point is located far from the 90˚ wetting envelope); the partial replacement of TEOS with DEDMS (formulation II- Figure 6(a) ) or OTES (formulation IV- Figure 6(b) ) reduces wettability due to the lower number of free hydroxyl groups remaining on the surface and because of the long chain -Si-octyl groups introduced by OTES (formulation IV) [20] [21]; the partial replacement of TEOS with APTES (formulation III) creates a wettable surface due to the hydrophilic character conferred by the amine groups [43] , as previously discussed. Finally, the incorporation of LDHs imparts an insignificant change in the wettability of paperboard coated with TEOS (formulation Ia- Figure 6(a) ) even though wettability increases slightly for the other formulations (IIa- Figure  6 (a), IIIa and IVa- Figure 6(b) ).
Water Vapor and Oxygen Barrier Properties
Water vapor transmission rate (WVTR) and oxygen permeability (J O2 ) were measured to evaluate the barrier properties of uncoated and silica coated paperboards with and without LDHs. The results are presented qualitatively in Table 2 and quantitatively in Table 3 . WVTR for uncoated paperboard (550 g•m −2
•day −1 ) was considerably reduced after coating with TEOS (formulation I) (~45%) or TEOS mixed with a secondary precursor (formulations II, III or IV) (~60%). A further ) [5] . Paperboard coated by non-modified silica (formulation I, TEOS)presents better water vapor barrier properties than uncoated paperboard in spite of the lower water repellence i.e. higher polarity ( Figure 5 ) and wettability (Figure 6(b) ) of the coated surface. This apparent controversy can be explained by the formation of an impermeable surface between the three-dimensional silica network and cellulose fibersin the paperboard via strong hydrogen bonding involving the hydroxyl groups of silica and cellulose [16] - [18] . The use of alkoxysilane coprecursors does not disturb the silica network and lowers the concentration of free hydroxyl groups on the surface, thus conferring hydrophobicity to the silica-coated paperboard (formulation (II)- Figure 7) . This is corroborated by the surface energy data ( Figure 5 and Figure 6 ) and explains the lower WVTR values of paperboard coated with mixed formulations II, III or IV ( Table 3) . Incorporation of LDHs in the silica formulations (formulation (IIa)- Figure 7) provides an additional reduction of the WVTR values (formulations Ia to IVa- Table  3 ) not only because of their ability to retain water molecules in the interlayer region as water scavengers [27] [30] but also because of their high aspect-ratio (flat structure) that increases the length and tortuosity of the diffusion path [29] [47] . A final undesirable aspect that ought to be resolved is the formation of cracks in the paperboard coated surface (SEM images Figure 2 and Table 2 ) that provide pathways for water vapor diffusion, therefore diminishing the barrier properties.
Silica-based nanocoatings prepared with TEOS alone (formulation (I)- Figure 7 ) or mixed with a co-precursor such as DEDMS (formulation (II)- Figure 7) or APTES (formulation (III)- Figure 1) enhanced the oxygen barrier properties of paperboard ( Table 2 and Table 3 ). In fact, oxygen permeability of uncoated paperboard (1.51 m 3 •m −2
•day −1 ) was reduced by 55%, 63% and 68% after coating with formulations I, II and III, respectively. This behaviorwas previously discussed and ascribed to the dense and impermeable silica network formed on the paperboard surface (Figure 7) [16]- [18] [48] . Apparently, the nature of the co-precursor has a small effect on oxygen permeability except for formulation IV (TEOS_OTES). Most likely the presence of bulky organic radicals (-Si-octyl groups) in the silica formulation affects adversely the density and physical integrity of the inorganic network as revealed by the SEM analysis. In fact, the front and cross-section images of silica-coated paperboard (Figure 2 ) show more and deeper cracks for formulation IV (TEOS_OTES) than for formulation II (TEOS_DEDMS) and formulation III (TEOS_APTES) thus explaining the particularly high oxygen permeability rate observed for the first formulation (2.578 m 3 m −2
•day −1 ) [21] [23] [48] . The incorporation of LDHs has a similar effect decreasing the barrier properties towards oxygen (J O2 increases about 50% -70% when compared with the formulation without LDHs) and once more this may be assigned to modifications in the paperboard's silica network (formulation (II)- Figure 7) . 
Conclusion
The results of this study reveal that low grammage (2 -3 g/m 2 ) coating of industrial paperboard with silica formulations prepared with TEOS alone or TEOS (95% v/v) mixed with a co-precursor (5% v/v of DEDMS, APTES or OTES) is a very promising strategy to impart water and oxygen barrier properties suitable for packaging applications. The addition of high aspect-ratio (flat structure) particles of Zn(2)-Al-NO 3 (LDHs) to the silica formulation lowers the water vapor transmission rate (WVTR) due to the water scavenging capacity of LDHs and also due to a physical barrier that decreases the vapor diffusivity. The silica modification using co-precursors containing aliphatic moieties decreased both the polar and dispersive components of the surface energy of deposited silica domains conveying water repulsion effects to the paperboard surface. The compilation of these two factors (water repelling functionalities and physical barrier) in specific formulations (TEOS_ APTES_LDHs and TEOS_OTES_LDHs) lowered WVTR by nearly 80% when compared to the "uncoated" paperboard. However, the implementation of LDHs and bulky aliphatic functionalities in silica formulations deteriorate the oxygen barrier properties of silica coatings. The compromise solution, i.e. TEOS_APTES silica formulation without LDHs, exhibited much lower WVTR and oxygen permeability values than for uncoated paperboard, precisely 60% and 70% lower, respectively. The critical point for gas barrier in silica-based coatings was suggested to be the violation of the coating physical integrity i.e. formation of microcrackson the paperboard induced by shrinkage upon the curing process. Further work is required to obtainsilica formulations that provide higher dimensional stability to the silica network.
